Previous studies have suggested that persons infected with Cryptosporidium parvum develop antibody responses to 27-, 17-, and 15-kDa C. parvum antigens. Studies of volunteers infected with Cryptosporidium species provided an opportunity to evaluate the relationship between antibody reactivity to these antigens and infection outcome. As monitored by immunoblot, increases in specific antibody reactivity were more prevalent among volunteers who developed signs and symptoms of cryptosporidiosis (n Å 11) than among asymptomatic infected (n Å 7; P Å .05) or oocyst-negative volunteers (n Å 11; P Å .02). Volunteers with preexisting IgG antibody to the 27-kDa antigen excreted fewer oocysts than volunteers without this antibody (P Å .003). IgG reactivity to the 17-kDa antigens and IgM reactivity to the 27-kDa antigens were higher at day 0 for asymptomatic infected persons than for those who developed symptoms (P Å .03 and P Å .04, respectively). These results suggest that characteristic antibody responses develop following C. parvum infection and that persons with preexisting antibodies may be less likely to develop illness.
Infection with Cryptosporidium parvum causes an acute en- [5] . On the basis of these observations, antibody responses to these antigens may be of value for seroepidemiologic studies. teritis characterized by a profuse watery diarrhea that is selflimited in immunocompetent persons but may be chronic and Monoclonal antibodies that recognize the 15-, 17-, and 27-kDa antigens also react with the surface of C. parvum sporozoites, life threatening in immunocompromised persons [1] . Recent waterborne outbreaks of cryptosporidiosis [2 -4] have focused suggesting that these antigens are major targets of the antibody response elicited by infective stages of the parasite [5, 6] . attention on the lack of understanding of the epidemiology of this infection. Efforts to quantify risk factors for acquisition of Volunteer studies conducted to determine the infective dose of Cryptosporidium oocysts provided us with an opportunity to C. parvum infection would be facilitated by the development and validation of sensitive and specific serologic tools for popuanalyze the relationship between antibody responses to these antigens and to well-characterized infections [7, 8] . lation-based studies.
When an immunoblotting technique was used to evaluate antibody responses of persons exposed to Cryptosporidium inMaterials and Methods fection in outbreak settings, serum samples from persons with confirmed infection showed changes in IgG reactivity to the Study design and patient population. Volunteers were re-27-, 17-, and 15-kDa oocyst antigen groups, in IgM reactivity cruited for participation in studies designed to define the infectious to the 27-kDa group, and in IgA reactivity to the 17-kDa group dose of C. parvum oocysts. To rule out the participation of volunteers with evidence of prior exposure to Cryptosporidium species, serum samples from volunteers were screened prior to enrollment by ELISA, as previously described [7] . Subjects considered negaReceived 23 August 1997; revised 1 May 1998. tive by ELISA were subsequently exposed to measured numbers administered, stools were examined for oocysts by direct immunoInformed consent was provided by all volunteers in this study. Human fluorescence assay (DFA) [8, 9] specimens were available. Serum specimens were collected at Ç1
[11] were used for the volunteer studies. Oocysts were disrupted Zymed), we exposed bound secondary antibodies to streptavidinalkaline phosphatase. About 15 min after the addition of p-niby sonication followed by three freeze-thaw cycles. The lysate was clarified by centrifugation, and the supernatant was labeled trophenyl phosphate to the bound enzyme, optical densities were read at 405 nm. the soluble (SO) fraction. After being washed with saline, the sediment was solubilized in 8 M urea, dialyzed against PBS, and Statistics. Data were analyzed with Epi Info (version 6.0; CDC) and SAS (Cary, NC) software. The relationship of blot centrifuged as previously described [10] . This supernatant was labeled insoluble (IN) fraction. Protein content of these two fracresults to infection outcome and blot results to clinical outcome were analyzed by x 2 or Fisher's exact tests. The Wilcoxon signed tions was determined by the Bradford method [12] .
Immunoblotting. The SO fraction was separated by analytical rank test and the Mann-Whitney rank sum test were used to determine significant changes in antibody scores within each category polyacrylamide gradient gel electrophoresis (PGGE), using 3%-25% gradients, and electrophoretically transferred to polyvinyliof volunteers and between categories of volunteers, respectively. The relationship of antibody reactivity, as assessed visually and dene fluoride (PVDF) sheets (Immobilon; Millipore, Bedford, MA) as described [5, 13] 
Results
antigen groups, IgM responses to the 27-kDa group, and IgA responses to the 17-kDa group.
Study population. In studies done to determine the infectious
In addition, the presence or absence of bands at days 0 and dose, 18 of 29 volunteers who were exposed to C. parvum doses 32 and at Ç1 year after inoculation was assessed for the five ranging from 30 to 10 6 oocysts were infected, as determined by combinations of isotype and antigen group. For each combination, the detection of oocysts in stools by DFA [7] . Linear regression an antibody score of 1 was assigned for each visible band, for a of the proportion of volunteers infected as a function of dose possible cumulative score ranging from 0 to 5 for each volunteer. For the initial serum specimens (day 0), blots also were evaluindicated that the ID 50 was 132 oocysts. Eleven of the 18 infected ated quantitatively by intensitometry. A tagged image format file persons had enteric symptoms; 7 of these persons had diarrhea was created for the strips, using a scanner (Scanjet IIc; Hewlettand met the clinical definition for having cryptosporidiosis [7] .
Packard, San Diego), and the areas of the bands of interest were A second group of 7 volunteers was oocyst positive but develdetermined with SigmaGel software (Jandel Scientific Software, oped no signs or symptoms, and a third group of 11 volunteers San Rafael, CA). Band intensity values for a given antigen group was oocyst negative by DFA and asymptomatic.
were expressed as a ratio of the area of the band obtained with
Blot reactivity following exposure. The development of anthe test serum to the area of the band obtained with a positive tibody responses of the volunteers to the 27-, 17-, and 15-kDa control serum. The latter was collected from a cryptosporidiosis patient in the 1987 outbreak in Carrollton, Georgia [2] . The positive control was performed on each blot. Purification of the 17-kDa antigens. The IN fraction of the Table 1 . Summary of immunoblot reactivity for Cryptosporidiumexposed volunteers. oocyst antigen was treated with SDS without reducing agents and separated on preparative SDS-PGGE, using 3%-25% gradients. figure 1 , IgM and IgG columns). IgA reactivity to the 17-kDa group typically was most intense at day 32 and decreased body reactivity to two or more of the five combinations of isotype and antigen group following exposure were defined as rapidly to baseline level by day 60 after inoculation. Increased IgG reactivity to the three antigen groups and IgM reactivity to blot positive (representative blot-positive responses are shown in figure 1) . Ten of the 11 symptomatic volunteers were blot the 27-kDa group did not diminish as rapidly as IgA reactivity. Blot reactivities for the volunteers are summarized in table positive. Of the 7 asymptomatic oocyst-positive volunteers, only 3 demonstrated an increase in antibody reactivity and were 2 as an antibody score. The antibody score reflects the presence or absence of bands but not their magnitude; thus, scores for considered blot positive. Four of 11 oocyst-negative volunteers showed an increase in antibody reactivity and were considered some persons remained the same, although the intensity of the responses increased. The median antibody score of symptomblot positive (representative blot-negative responses are shown in figure 2) . Overall, the prevalence of increased reactivities atic volunteers increased significantly from day 0 after inoculation (median, 2) to day 32 after inoculation (median, 5; P Å among symptomatic volunteers was significantly greater than that of the other volunteers (P Å .008). No relationship was .008). For the 7 symptomatic volunteers who were followed up to 1 year after inoculation, the antibody scores at 1 year observed between the development of antibody reactivity and oocyst dose; however, the number of persons infected with a after inoculation (median, 3) were higher, but not significantly, than those at day 0 after inoculation (median, 2; P Å .06). given dose may have been too small to observe an effect. Immunoblot of Cryptosporidium oocyst antigens exposed to serum specimens from volunteer (VOL) 17, who was oocyst negative, and VOL 14, who was oocyst positive. Both were asymptomatic and had negative blot results. Panels show IgA reactivity to 17-kDa group, IgM reactivity to 27-kDa group, and IgG reactivity to 27-, 17-, and 15-kDa antigen groups (indicated by brackets at extreme right). Nos. at bottom of strips indicate no. of days after inoculation that serum specimens were obtained. Strip A, protein profile by Aurodye, with molecular mass protein standards in kDa at left.
Each of these 7 subjects showed increased band intensities to gen groups (e.g., volunteer 17 and 14 in figure 2 ). To examine the relationship between levels of preexisting antibody to these at least one of the five combinations of isotype and antigen group at 1 year after inoculation over that observed at day 0 antigens and the subsequent clinical response to oocyst exposure, day-0 band areas were quantified by intensitometry. Meafter inoculation (e.g., figure 1, volunteer 5, IgG column, 27-kDa antigen group, strips at day 0 and day 364 after inoculadian IgG and IgA reactivity did not differ significantly between oocyst-positive and oocyst-negative volunteers. Median IgM tion). Median antibody scores for the oocyst-positive asymptomatic volunteers did not change significantly; however, all reactivity to the 27-kDa antigen group was higher among oocyst-positive volunteers (P Å .05); however, this result reflected oocyst-positive volunteers who showed no change in blot reactivity had relatively high antibody scores at day 0 after inoculaa chance association between oocyst dose and initial IgM response (P õ 0.05). tion (median, 3) . Antibody scores at day 0 after inoculation for these 7 oocyst-positive asymptomatic volunteers were When the analysis was restricted to oocyst-positive persons, median IgG reactivities to the 17-kDa antigen group and mehigher than those for the 11 oocyst-positive symptomatic volunteers (P Å .046). Similarly, although 7 of 11 oocyst-negative dian IgM reactivity to the 27-kDa antigen group were significantly greater (P Å .03 and .04, respectively; Wilcoxon rank volunteers were considered to have negative blot results, on the basis of the absence of change in antibody reactivity (figure sum test) for asymptomatic volunteers (n Å 7) than for those who developed enteric symptoms (n Å 11; table 3). The geo-2), most recognized multiple bands at day 0.
Initial blot reactivity (day 0). By immunoblot, day-0 serum metric mean oocyst inoculum did not differ between infected volunteers with or without symptoms (1552 vs. 501 oocysts, samples from 21 (72%) of 29 volunteers showed two or more IgG, IgM, or IgA reactivities to the 27-, 17-, and 15-kDa anti-P Å .36; Wilcoxon rank sum test). are elicited by infection.
Oocyst-negative/asymptomatic 11 2.0 3 5 4
Of the 11 asymptomatic volunteers who were oocyst-nega-NOTE. Antibody score is defined, on basis of bands listed in table 1, as tive, 4 showed an increase in antibody reactivity by immunoblot total no. of bands observed for given volunteer at given point. PI, postinocula- (table 1) . Studies using animal models have suggested that tion.
infection is a prerequisite for antibody production [6, 15, 16] .
* For volunteers with no sample at day 32, antibody score at day 60 was used.
In another study, mice given noninfectious oocysts showed no † 1-year specimens were collected from 7, 6, and 6 volunteers in each group, antibody production [17] . If these 4 volunteers were infected, respectively.
as suggested by the development of an increased antibody response, then either infections in these persons were aborted before oocysts were produced or the DFA technique was too To confirm the observation that symptomatic and asymptominsensitive to detect low numbers of oocysts excreted by these atic volunteers had different initial levels of IgG reactivity to persons. If we accept the conclusion that these 4 volunteers the 17-kDa antigens, reactivity to the purified antigens was were infected, then the ID 50 is substantially lower than that analyzed by ELISA. The purity and reactivity of the electroelucalculated on the basis of oocyst detection by DFA [7] . ate containing the purified 17-kDa antigen group as assessed Five of 18 oocyst-positive persons did not show changes in by SDS-PGGE and immunoblot are shown in figure 3A , B.
immunoblot reactivity to the 27-, 17-, or 15-kDa antigens; By ELISA, the reactivity of the day-0 serum specimens of however, all 5 exhibited reactivity at day 0 to one or more of asymptomatic oocyst-positive volunteers was significantly these antigens. The absence of an observable increase in serum greater (P Å .04) than that of symptomatic oocyst-positive antibody reactivity in 5 of the oocyst-positive volunteers raises volunteers ( figure 3C ). IgG ELISA reactivity and immunoblot questions about the nature of immune reactivity to secondary intensitometry values for the 17-kDa group were significantly challenge. Either the humoral response in these individuals was correlated at day 0 (n Å 29; P Å .001, Spearman's correlation).
localized to the intestinal tract and mucosal surfaces or the To evaluate the relationship of day-0 antibody status to quanresponse elicited by the second infection was predominantly titative measurements of infection intensity, oocyst excretion cellular in nature. was compared for groups defined according to the presence or Despite obvious limitations in sample size, our results sugabsence of blot reactive antibodies at day 0. Infected persons gested that the presence of antibodies reactive with the 27-and with IgG reactivity to the 27-kDa antigen at day 0 (n Å 14)
17-kDa Cryptosporidium antigens prior to administration of had significantly lower geometric mean levels of oocyst excreoocysts to the volunteers did influence the development of tion (6.3 1 10 5 ) than persons without IgG reactivity to this symptoms following infection. Higher levels of IgM antibody antigen (n Å 4; 1.4 1 10 8 ; P Å .003). The presence or absence to the 27-kDa antigen group and IgG antibody to the 17-kDa of antibodies to these antigens had no detectable influence on antigens at day 0 were associated with protection from sympthe duration of oocyst excretion (data not shown). significantly more common among symptomatic volunteers than other volunteers, suggesting a possible relationship be- tomatic infection but not with protection from infection. In ity after primary challenge and protection from infection or disease [18] . In the current study, we also observed that dayaddition, IgG antibody to the 27-kDa antigen was associated with lower levels of oocyst excretion. Given that the 27-and 0 antibody responses to crude oocyst antigens (as detected by ELISA) and to specific antigen groups (as measured by 17-kDa antigen groups contain proteins recognized by monoclonal antibodies that bind to sporozoite antigens [5, 6] , these immunoblot) were not well correlated (data not shown). This may reflect differences between the two assay systems in the results imply that immune responses to sporozoite antigens can ameliorate subsequent infection; however, we do not know if antigens and determinants available for antibody binding. There are two possible explanations for the existence of antiantibodies were directly responsible for mediating these effects or if they served as markers of other humoral or cellular imbodies at day 0 that react with Cryptosporidium antigens by immunoblot. Either some of the volunteers were exposed to mune responses.
In contrast to the immunoblot data presented here, ELISAs Cryptosporidium prior to their entry into the study or they were exposed to heterologous antigens that elicited cross-reactive antiperformed with crude oocyst antigens and serum specimens collected from 19 volunteers after primary challenge demonbodies. If the former possibility is correct, ELISAs using crude oocyst extracts, such as that used for initial screening of the strated no increases in IgG reactivity, whereas increases in IgM reactivity were observed in 58% of the 19 individuals. No volunteers, may not be as sensitive as the immunoblot, a conclusion that is consistent with our previous results [14] . correlation was seen between the development of IgM reactiv-
